Abstract With their ability to lyse Gram-positive bacteria, phage lytic enzymes (or lysins) have received a great deal of attention as novel anti-infective agents. The number of known genes encoding these peptidoglycan hydrolases has increased markedly in recent years, due in large part to advances in DNA sequencing technology. As the genomes of more and more bacterial species/strains are sequenced, lysin-encoding open reading frames (ORFs) can be readily identified in lysogenized prophage regions. In the current study, we sought to assess lysin diversity for the medically relevant pathogen Clostridium perfringens. The sequenced genomes of nine C. perfringens strains were computationally mined for prophage lysins and lysin-like ORFs, revealing several dozen proteins of various enzymatic classes. Of these lysins, a muramidase from strain ATCC 13124 (termed PlyCM) was chosen for recombinant analysis based on its dissimilarity to previously characterized C. perfringens lysins. Following expression and purification, various biochemical properties of PlyCM were determined in vitro, including pH/salt-dependence and temperature stability. The enzyme exhibited activity at low μg/ml concentrations, a typical value for phage lysins. It was active against 23 of 24 strains of C. perfringens tested, with virtually no activity against other clostridial or nonclostridial species. Overall, PlyCM shows potential for development as an enzybiotic agent, demonstrating how expanding genomic databases can serve as rich pools for biotechnologically relevant proteins.
Introduction
Phage lytic enzymes (a.k.a. lysins or endolysins) have been the focus of a great deal of recent applied microbiological research (Fischetti 2010; Fischetti 2008; Borysowksi et al. 2005; Loessner 2005) . Encoded by virtually all dsDNA phages, lysins are expressed late in the infective cycle. They hydrolyze the bacterial peptidoglycan and, along with membrane-permeabilizing holin proteins, lysins allow progeny viruses to escape the host cytoplasm. Biotechnological interest in these proteins stems from their ability to lyse Gram-positive species when applied exogenously, as the peptidoglycan of these organisms is accessible from the extracellular space. Phage lysins have been proposed as novel enzybiotic (enzyme antibiotic) agents against human and veterinary pathogens, in addition to other potential uses in food (Deutsch et al. 2004) , agricultural (Kim et al. 2004) , and industrial (Ye and Zhang 2008) science. Numerous lysins have been expressed and characterized to date, including successful in vivo trials involving animal models of colonization/infection (Daniel et al. 2010; Grandgirard et al. 2008; Nelson et al. 2001) . Their appeal lies in both their potency and their specificity toward individual bacterial species, typically the host organism of the encoding phage. Studies to date have observed a lack of acquired bacterial resistance following lysin treatment, an additional beneficial feature (Loeffler et al. 2001; Schuch et al. 2002; Fischetti 2010) .
Lysins are highly diverse proteins both enzymatically and architecturally. Gram-positive lysins are classically modular, 250-400 amino acids in length, with an N-terminal enzymatic domain and a C-terminal binding domain (Fischetti 2008 ). The enzymatic domain can possess various bond specificities, including muramidase (Porter et al. 2007 ), glucosaminidase (Pritchard et al. 2007 ), alanine-amidase (Schuch et al. 2002) , alanoyl-glutamate endopeptidase (Korndörfer et al. 2008) , glutaminyl-lysine endopeptidase (Pritchard et al. 2007) , and cross-bridge endopeptidase (Baker et al. 2006 ). The C-terminal domain binds one of various epitopes within the target cell envelope (e.g., surface carbohydrate, choline, or peptidoglycan itself), and it is largely responsible for the specificity of a lysin toward particular bacteria (Diaz et al. 1991) . Gram-negative lysins, by contrast, are typically smaller and are comprised of an enzymatic domain alone. Occasionally, lysins are identified that do not conform to standard architectures, including Gram-positive lysins with multiple enzymatic domains (Baker et al. 2006 ), Gram-negative lysins with an N-terminal binding domain (Briers et al. 2007) , and a multimeric lysin .
Most lysins characterized to date were cloned through traditional phage genomic techniques (Schmitz et al. 2010 ). Here, a phage is isolated through environmental sampling or prophage induction, and its genomic DNA is extracted following laboratory culture. Either the phage genome is sequenced and the lysin-encoding open reading frame (ORF) identified through homology analysis, or the DNA is subjected to a recombinant functional screen. In the latter case, a lysin-encoding fragment is identified by its ability to confer a bacteriolytic phenotype on a host clone. While generally successful, these methods are still rather timeconsuming and dependent on the isolation/propagation of the initial phage. Moreover, they cannot predict how novel the identified lysin will be relative to previously characterized enzymes, nor can they assess total lysin diversity for a particular bacterial host.
In this regard, the rapidly expanding number of bacterial genome sequences could prove quite valuable. If a particular strain is lysogenized, its genome becomes an easy source of lysins, which can be rapidly polymerase chain reaction (PCR) cloned. For poly-lysogenized strains or species with multiple sequenced strains, one can systematically compare the different lysins and their predicted properties (e.g., enzymatic activity) before choosing which one(s) to express. In the current study, we wished to do precisely this-analyze all known prophage lysins for a particular Gram-positive pathogen, using this as a guide for subsequent recombinant analysis.
We chose to focus on the spore-forming, anaerobic rod Clostridium perfringens, one of the most frequently encountered clostridial species in clinical and environmental laboratories. C. perfringens is a component of healthy human feces, and it is found in the digestive tracts of other vertebrate and non-vertebrate animals, as well as soil samples (Matches et al. 1974) . Despite its ubiquity, C. perfringens can nevertheless induce various pathologies. The species is taxonomically subdivided into five toxinotypes (A-E) based on the combinatorial presence of 15+ exotoxins genes that determine a strain's pathogenic potential (Smedly et al. 2004) . The most commonly encountered toxinotype of the healthy human bowel (enterotoxin-negative type A, Carman et al. 2008) can induce myonecrosis in the context of wounds (Bryant and Stevens 1997) . Enterotoxinpositive type A strains are prevalent causes of food-borne illness, while type C strains are the agents of the potentially fatal (albeit rare) condition enteritis necroticans (Lawrence 1997) . All five toxinotypes have likewise been implicated in various maladies of poultry and livestock (Van Immerseel et al. 2009; Uzal and Songer 2008) .
To date, a single enzymatic class of phage lysin for C. perfringens has been subject to recombinant expression and analysis. Zimmer et al. (2002a) induced and sequenced a prophage from toxinotype B strain ATCC 3626. The gene encoding the lytic enzyme (Ply3626, a type 3 alanineamidase) was subsequently identified by sequence homology and PCR-cloned into an Escherichia coli expression plasmid (Zimmer et al. 2002b ). The authors demonstrated that extracts of the induced clone were capable of lysing viable suspensions of all C. perfringens strains tested, while non-perfringens clostridia and other Gram-positive genera demonstrated virtually no susceptibility. It has been suggested that Ply3626 could potentially serve as a topical agent or food additive (Jay et al. 2005; Zimmer et al. 2008) . Very recently, two additional C. perfringens lysins (PlyCP39O and PlyCP26F) were cloned from the sequenced genomes of environmentally isolated lytic phages Seal et al. 2010) . These enzymes were also predicted to be type 3 alanineamidases, although their C-terminal binding regions were unrelated to that of Ply3626.
In recent years, the genomes of nine different strains of C. perfringens have been sequenced, all of which contain identifiable prophage regions (Shimizu et al. 2002; Myers et al. 2006 ; gsc.jcvi.org/projects/msc/clostridium/). In the present study, we systematically examined the prophage lysins in these sequences, comparing them based on sequence homology and domain composition. In the process, we identified 14 lysin genes and 31 lysin-like genes. These proteins could be categorized into three families of enzymatic domains: type 2 alanine-amidase, type 3 alanineamidase, and muramidase . Of the identified genes, a muramidase lysin from strain ATCC 13124 was selected for cloning and expression based on its catalytic mechanism. Following purification, the enzyme (termed PlyCM, for C. perfringens muramidase) was subject to various in vitro tests to determine its potency, specificity, and biochemical properties. Overall, this work adds another phage lysin to the growing list of candidate enzybiotics, demonstrating an important role for comparative genomics in their development.
Materials and methods
Computational identification/analysis of lytic enzymes The genomes of the following sequenced strains of C. perfringens were analyzed: ATCC 13124 (toxinotype A, NCBI genome project #304); SM101 (A, #2521); 13 (A, #79); F4969 (A, #20031); NCTC 8239 (A, #20033); ATCC 3626 (B, #20027); JGS1495 (C, #20025); JGS1721 (D, #28587); JGS1987 (E, #20029). The first step in compiling a comprehensive list of lysins was to identify obvious proviral regions, accomplished through a combination of manual inspection and the prophage prediction algorithm Prophinder (Lima-Mendez et al. 2008 ).
The lysin-encoding genes within each prophage regions were next selected. In many cases, these ORFs were already designated explicitly (e.g., "endolysin") by the database annotation. For other prophages, the existing annotations were insufficient-in these cases, pfam domain analysis was performed on the proteins in the region (Finn et al. 2010) . A set of several criteria (described in detail in the "Results" section) were applied to the pfam predictions to designate a lysin for each case, and a preliminary list of genes was compiled. To ensure no enzymes were overlooked (e.g., ones encoded within short prophage remnants) the list was subjected to iterative blast analysis (Altschul et al. 1990 ). The protein sequences on the initial list were blastp-queried against C. perfringens sequences. Any newly identified homologs were added to the original list, and the process was repeated until no new genes were revealed. The aforementioned criteria were then applied to the expanded list to eliminate any genes included erroneously.
The sequences comprising this final list were phylogenetically compared through the Phylip v3.67 package (Felsenstein 1989) . The translated protein sequences were subject to multiple sequence alignment through the ClustalX algorithm, followed by 1,000 rounds of boot strapping with Seqboot. These alignments were analyzed in turn by the Protdist and Fitch algorithms with default settings, and an unrooted consensus tree was generated with Consense. Signal peptide predictions were made via SignalP v3.0 (Bendtsen et al. 2005 ; hidden Markov and neural network methods; Gram-positive organism group).
Expression and purification of PlyCM Genomic DNA from C. perfringens ATCC 13124 was PCR amplifed with the following PlyCM-targeted primers: ACCATGGAAAGTA GAAACAATAATAATTTAAAAGG (fwd) and GTCAGA TATTACTCTAACTAACCTTAAAA (rev). The underlined G in the forward primer was intentionally altered from the wild-type C (a Q2E mutation) in order to introduce an NcoI restriction site that overlaps with the start codon. The PCR amplicon was topoisomerase cloned into pBad-TOPO (Invitrogen), an arabinose-inducible E. coli expression plasmid. This construct was subsequently purified, NcoIdigested, and re-circularized to eliminate a plasmid-encoded N-terminal leader sequence and ensure translation from the native start codon. This final construct was maintained and expressed in TOP10 E. coli.
To express PlyCM, the clone was grown in LB broth to OD 600 ≈0.5 and induced with 0.2% L-(+)-arabinose. The induced culture was shaken overnight at 30°C; this temperature was important, as inclusion bodies formed at 37°C. The cells were pelleted, resuspended in 15 mM phosphate buffer pH 7.4, and lysed by three passages through an EmulsiFlex C-5 homogenizer. Cellular debris was pelleted (1 h, 35,000×g), and the supernatant was (NH 4 ) 2 SO 4 -precipitated to 40% saturation (226 g/L). The precipitated protein (including the predominant amount of PlyCM) was pelleted, resolubilized in 15 mM phosphate buffer pH 7.4 (buffer A), and dialyzed against this buffer.
The protein solution was passed through a DEAE anionexchange column equilibrated against buffer A (fast flow resin, GE). Based on PlyCM's theoretical isoelectric point of 5.1, one would predict it to bind to DEAE at pH=7.4. Nevertheless, the protein demonstrated an unusual chromatographic response: it neither bound the column in earnest nor flowed directly through it. Rather, there was a transient interaction in which PlyCM would initially bind the resin, but then slowly elute over 5+ column volumes as the column was washed with buffer A. Although atypical, this property provided a fortuitous purification step, as PlyCM could be separated from the proteins in both the flow-through and tightly bound fractions. The PlyCMcontaining component was immediately passed through a ceramic hyroxyapatite column (Macro-Prep type II, 40 μm, Bio-Rad) equilibrated against the same buffer A. The lysin demonstrated non-transient binding to this resin, and it was subsequently concentrated/purified through a 20 columnvolume elution with buffer B (500 mM phosphate buffer pH 7.4), eluting at ∼80 mM.
Following purification, we observed that PlyCM would undergo irreversible precipitation in phosphate buffer. Addition of L-arginine mitigated the precipitation, as has been reported for other recombinant proteins (Hamada et al. 2009 ). As a result, 100 mM L-arginine (pH=7.4) was included in the PlyCM stock preparation prior to freezing, lyophilization, and storage at −20°C. Overall, this protocol generated ∼10 mg of purified PlyCM per liter E. coli culture.
In vitro analysis of PlyCM PlyCM activity was examined predominately through optical density analysis. Bacterial strains were grown on agar plates at 37°C. For clostridial strains, Schaedler agar with vitamin K 1 and 5% sheep's blood was employed with anaerobic conditions. For nonclostridial strains, brain-heart infusion agar was employed with aerobic culture. Following overnight growth, bacteria were scraped from the plates and suspended directly in buffer (which varied depending on the particular experiment) to the desired optical density. PlyCM or lysin vehicle was added immediately prior to the start of each experiment, and OD 600 measurments were conducted in 96-well plate format at 22°C. For colony-forming unit (CFU) counts, C. perfringens samples were diluted over five orders of magnitude, with triplicate plating at each dilution onto Schaedler agar.
Results
We sought to compile a comprehensive list of prophage lysins within all sequenced genomes of C. perfringens. In doing so, the following criteria were used for designating a given ORF as a probable lysin: (1) the presence of an N-terminal enzymatic domain, (2) the presence of a C-terminal binding region 1 , (3) the absence of an N-terminal signal peptide, and (4) the absence of additional domains with extraneous function. The third criterion is important because bacteria encode chromosomal peptidoglycan hydrolases (autolysins) that are involved in processes such as cell wall turnover and sporulation (Vollmer et al. 2008) . Some autolysins possess the same domain architecture as phage lysins, except that they also often include a signal peptide for secretion. The fourth criterion is significant because phages can encode other proteins (i.e., not lysins proper) that include peptidoglycan hydrolase domains, particularly structural proteins involved with DNA-injection (Rashel et al. 2008) . Usually, however, these structural lysins are readily discernable by their greater size and the presence of additional domains.
In total, 45 ORFs were identified with the above criteria. Their GenBank accession numbers are provided in Fig. 1 , which depicts the predicted evolutionary relationships among the enzymes as a consensus phylogram. Of the 45 proteins, 23 were predicted to possess N-acetylmuramidase activity with an N-terminal GH-25 domain (glycosyl hydrolase type 25, pfam accession number PF01183). The 22 others were predicted to possess N-acetylmuramoyl-Lalanine-amidase activity: three encoded a type 2 alanineamidase domain (PF01510), while 19 encoded a type 3 alanine-amidase domain (PF01520). Although these two alanine-amidase families diverge sequentially, they target the same bond at the beginning of peptidoglycan's pentapeptide stem.
At their C-termini, 38 of 45 enzymes (also denoted in Fig. 1 ) contained either a single or a double SH3-3 binding domain (PF08239). For some of the proteins, the degree of alignment with the SH3-3 consensus logo was low (E value range: 10 −7 -0.03). Bacterial SH3 domains are commonly found in autolysins and phage lysins, and they presumed to function in binding the bacterial cell wall (Xu et al. 2009 perfringens bacteriocin BCN5 (Garnier and Cole 1986) . Finally, a group of five muramidases (all clustered together in Fig. 1 ), contained C-terminal regions thatwhile nearly identical to one another-showed no homology to any other C. perfringens proteins. Notably, none of the 45 enzymes possessed the SPOR domain (PF05036) observed at the C-terminus of the recently described PlyCP39O and PlyCP26F lysins . Based on the selection criteria, we initially assumed all 45 of these proteins to represent legitimate phage lysins of proviral origin. After inspecting their positions within the respective genomes, however, it became apparent that this was not the case. Many of the proteins (31 of 45) were encoded in regions that did not correspond to prophages or prophage remnants. In fact, several patterns existed as to where these genes were found, including in the vicinity of UV-inducible bacteriocins. The commonality of these lysinlike proteins raises several interesting questions, which will be reflected upon further in the "Discussion" section. Fourteen of the enzymes did reside in clear prophage regions. Underlined in Fig. 1 , these include a combination of muramidases, type 2 alanine-amidases, and type 3 alanine-amidases. The first two categories are of particular interest, as lysins of these classes have not been characterized for C. perfringens.
We decided to focus subsequent efforts on a muramidase encoded by strain ATCC 13124 (the C. perfringens type strain). We hereafter refer to this protein (YP_695420) as PlyCM (for C. perfringens muramidase). Several other nonperfringens phage lysins with GH-25 lytic domains have been characterized to date. These enzymes are summarized in Fig. 2a , along with the binding domains with which they are paired. In Fig. 2b , the GH-25 domain of PlyCM is aligned with that of two non-clostridial lysins for which crystal structures have been solved (Hermoso et al. 2003; Porter et al. 2007) . As shown, the catalytic residues are conserved in all three cases.
PlyCM was expressed in E. coli and purified chromatographically (Fig. 3) . The lysin showed clear bacteriolytic activity in vitro against the encoding strain ATCC 13124. When added to a buffered suspension (20/10 mM phos- Fig. 1 The phylogenetic relationship among C. perfringens enzymes with phage-lysin-like architectures is depicted here as a distance-based phylogenetic tree; the numbers at select nodes represent the consensus values following 1,000 rounds of bootstrap analysis. The catalytic domain of each protein is indicated with the corresponding color scheme (inset). The proteins for which pfam analysis predicted a C-terminal SH3 type 3 domain (either a single or a dual) are marked with an asterisk. Of these 45 proteins, 14 appear to be phage lysins proper, in that they are encoded within proviral regions within the C. perfringens genomes. These are denoted with an underline. The other lysin-like proteins are highly homologous to the phage enzymes, but reside elsewhere in the chromosome or in an associated plasmid phate/citrate pH 6.4) of live cells for 1 h, PlyCM generated a ∼70% reduction in bacterial turbidity at low nM (low-tosub μg/ml) concentrations (Fig. 4) . The time-versus-OD response for PlyCM is similar to that as observed for Ply3626 against its host strain (Zimmer et al. 2002b ). The required concentration of PlyCM is also commensurate with values observed for other Gram-positive bacteria and their respective lysins (Fischetti 2008) . The residual turbidity after 1 h of treatment can be considered a baseline value for these buffering conditions-neither increasing the lysin concentration nor the incubation time lead to further OD declines. The reader should note that this baseline OD 
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Choline Binding Repeats does not correspond to quantitative viability levels (see CFU analysis below). Acidity represents one of the most important variables affecting lysin activity, so we sought to determine the effect of pH on PlyCM. Two sets of OD drop experiments were conducted in which pH was varied at a constant lysin concentration. First, a broad-range buffer (25 mM boric/ phosphoric acid) was utilized with a variable pH of 3.0-10.5 and a PlyCM concentration of 115 nM (4.5 μg/ml). Enzymatic activity was observed between pH=4.0-9.5, with a maximum from 6.5 to 8.0 (Fig. 5a ). To confirm these observations (and fine tune an optimal pH), a narrow-range buffer (20/10 mM phosphate/citrate) was utilized with smaller pH degradations and a lower PlyCM concentration (11.5 nM, 450 ng/ml). A similar profile was observed here (Fig. 5b) , with pH=6.4 as the center of activity.
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Considering the acidic environment of the stomach (as well as many food items), we wished to determine whether the loss-of-activity at low pH represented a mechanistic inhibition or an irreversible denaturation. The latter scenario turned out to be the case. PlyCM was buffered at a range of acidic pHs, followed by titration back to pH=6.5. Activity was subsequently lost for samples at pH=3.3 and below. The pH=4.3 sample, however, exhibited an identical lytic profile to the positive control maintained at pH=6.5 (Fig. 5c) .
Several other biochemical properties of PlyCM were likewise evaluated, in particular the temperature stability of the enzyme. Following incubation at various temperatures for 30 min, PlyCM demonstrated a sharp loss of activity (with concomitant flocculation) between 50°C and 55°C (Fig. 6) . In separate experiments, molar excesses of either EDTA or DTT failed to inhibit lysin activity (data not shown), indicating that PlyCM is not dependent upon chelatable cations or intramolecular disulfide binds for activity.
The above experiments were all conducted in lowosmolarity suspensions in which the only salt was the buffering agent. Seeing as any real-world application would likely occur in a less hypotonic environment, we evaluated the effect of salt on PlyCM-induced lysis. The experiments in Fig. 4 were repeated with 150 mM NaCl in the lysis buffer. Although the concentration dependence of PlyCM was virtually identical, the baseline OD of the treated cells jumped to ∼60% of the untreated value ( Fig. 7a and b) . Microscopic inspection of the cells indicated the reason: in the presence of 150 mM NaCl, many of the cells collapsed (1) (2) (3) (4) Fig. 3 PlyCM was purified following recombinant expression in E. coli. 1 Molecular weight ladder; 2 crude extract of encoding strain prior to induction; 3 crude extract of encoding strain ∼16 h after induction; 4 final product following isolation protocol. By visual approximation, PlyCM is >90% pure; its band appears at the level of the 37 kDa marker (predicted MW=38. 7 kDa PlyCM concentration was decreased 10-1,000-fold from the level shown in a, and cell lysis was monitored over an hour. The figure reports treated/untreated OD ratios (to account for slight possible fluctuation in the untreated) at 10-min intervals; the average of three independent experiments is depicted. As the graph indicates, concentrations as low as 11.5 nM (450 ng/ml) were able to bring the OD to a baseline level within 1 h. In comparison, hen egg white lysozyme (HEWL, a non-specific eukaryotic muramidase, NP_990612, PF00062) failed to affect the cells' turbidity or microscopic morphology after 1 h at 500 μg/ml to spheroplast forms without extrusion of their cytoplasmic contents (see Fig. 7c and d, respectively, for phase contrast and scanning electron micrographs). In rod-shaped bacteria, the peptidoglycan layer both prevents osmotic lysis and maintains the bacilloid morphology, the natural lowest energy form being coccoid (Pichoff and Lutkenhaus 2007) . Presumably, the addition of NaCl reduced the pressure on the cells to lyse, without affecting the pressure-independent collapse to spheroplasts. Indeed, when these lysin-treated cells were pelleted and resuspended in salt-free solution, immediate lysis was observed.
The preceding observations raise the question of whether the spheroplast-like clostridia are viable. Ultimately, bacterial death following lysin treatment is a more significant metric than simple optical density. Accordingly, CFU analysis was conducted on cells treated in the presence of 150 mM NaCl. Despite the residual turbidity, the cells were overwhelmingly non-viable. The following percentages killed were observed after 1 h (relative to untreated, n=5 independent experiments): 11.5 nM (86-99.2%), 115 nM (>99.7%), and 1.15 μM (>99.99%). These data indicate that, even in environments that are incompatible with 5 PlyCM pH dependence; a 115 nM PlyCM was incubated for 2 h with suspensions of ATCC 13124 in a variable-pH boric/phosphoric acid buffer (pH 3.0-10.5, 0.5 intervals, n= 3). By the end of the experiment, some degree of activity was observed between pH=4-9.5, although lysis was maximal from 6.5 to 8. b The experiments in a were repeated under more sensitive digestion conditions. This include a 10-fold reduction in PlyCM concentration and the use of a phosphate/citrate buffer (pH= 5.0-9.0, 0.2 intervals, n=3).
After 1 h, maximal activity was centered around pH 6.4. c Aliquots of PlyCM were diluted in 20/10 mM phosphate/citrate buffers of various pH values, yielding solutions whose final pHs are indicated in the graph. Each aliquot was titrated back to pH 6.5 with dibasic phosphate; a positive control was maintained at pH 6.5 for the entire experiment. Following volume normalization (with phosphate/ citrate pH 6.5), the enzyme samples were added to cells (final PlyCM concentration= 58 nM, final pH 6.5) and lysis was observed for 2 h. The sample brought to a pH 4.3 showed identical activity to the positive control, while the others failed to induce lysis osmotic lysis, PlyCM exerts a potent lethal effect on ATCC 13124. We next attempted to gauge the effect of PlyCM on actively-dividing cells. Unfortunately, minimum inhibitory concentration (MIC) analysis in liquid culture proved unsuccessful. At the concentrations employed in Figs. 4 and 7, PlyCM failed to prevent proliferation of ATCC 13124. Although we would have liked to repeat these experiments at higher lysin concentrations, a technical barrier prevented it. As mentioned in "Materials and methods" section, 100 mM L-arginine was added to the PlyCM stock solution to prevent enzyme precipitation. Higher lysin concentrations would have likewise necessitated elevated amounts of L-arginine in the culture broth. In preliminary experiments, however, we observed that mM concentrations of this amino acid could itself significantly impact actively-dividing C. perfringens (the cells would proliferate with defective division, yielding markedly elongated rod forms 2 ). With this confounding variable, we did not feel MIC analysis would be rigorously meaningful.
Finally, the activity of PlyCM was tested in vitro against a panel of other bacterial species and strains. These include: 24 isolates of C. perfringens (with representative examples of each toxinotype), 10 non-perfringens clostridia, and 16 non-clostridial species of Gram-positive bacteria. We found it necessary to conduct these experiments in a buffer (phosphate/citrate pH 6.4) that included 150 mM NaCl; without this, many strains of C. perfringens would selfadhere into macroscopic aggregates. Given the above observations involving spheroplast formation at 150 mM NaCl, we did not want to rely exclusively on OD measurements in evaluating the panel (as is typically done for assessing a lysin's target range). Consequently, a semiquantitative scoring system was devised that relied upon microscopic inspection of the samples. Strains were ranked on scale from 1 (equally sensitive or more sensitive than host train ATCC 13124) to 4 (insensitive). The results of this panel are summarized in Table 1 (the reader is referred  to the table caption for the specific details of the scoring system). Overall, 23 of 24 strains of C. perfringens demonstrated susceptibility to the lysin, although the level varied quantitatively from strain to strain. Outside of C. perfringens, only 3 of 10 other clostridia demonstrated susceptibility (at the lowest level), while all non-clostridia were completely insensitive to treatment.
Discussion
The work presented here illustrates the utility of genomic sequencing in the identification of candidate enzybiotics. Moreover, the specific protein expressed and characterized (PlyCM) exhibits potent bacteriolytic ability in vitro, demonstrating potential as a novel antibacterial agent. In theory, phage lysins seem well suited as food additives to combat C. perfringens. This is especially true given that C. perfringens enteritis is caused by ingestion of vegetative bacteria (estimated dose necessary for clinical symptoms >10 8 cells) and not preformed toxin or dormant spores (USFDA 2009). As a result, an agent that could selectively reduce the overall bacterial load could prove quite useful.
Despite different enzymatic mechanisms, PlyCM and the previously characterized C. perfringens phage lysins (Ply3626, PlyCP39O, and PlyCP26F) demonstrated several noteworthy similarities to one another (Zimmer et al. 2002b; Simmons et al. 2010) . Most importantly, the enzymes all possessed broad activity against C. perfringens strains, with little effect against other species and genera. Quantitatively speaking, however, the level of sensitivity among C. perfringens varied somewhat from strain to strain for each lysin. With both Ply3626 and PlyCM, the treatment-response of the lysogenized strain was more pronounced than many others. This observation underscores the importance of developing complimentary lysins with varied sequences and component domains. In fact, the ability to accomplish this rationally and rapidly is an inherent strength of multigenomic sequence analysis.
In this regard, it would be informative for future work to consider the combined effect of a muramidase-like PlyCM and the various alanine-amidases. For instance, one could observe whether they act synergistically with one another or normalize the strain-to-strain response. In the process, it could be possible to ascertain whether definitive trends exist as to the sensitivity of a given bacterial strain toward particular lysins. For instance, are certain toxinotypes Fig. 6 Stock concentrations of PlyCM were incubated for 30 min at the indicated temperatures, after which they were added to buffered suspensions (pH 6.4) of C. perfringens ATCC 13124 at 11.5 nM (450 ng/ml) for 1 h. The figure reports the treated/untreated OD-ratio for each temperature at 10-min intervals (n=4) inherently more sensitive to certain enzymes? Or does lysogenization by a prophage encoding a given lysin affect the strain's sensitivity to that class of lysins in general?
Going further, one could even include non-viral enzymes in combined treatment pools. Just recently, Camiade et al. (2010) characterized an endogenous C. perfringens peptidoglycan hydrolase (an autolysin) involved in cell division and stress responses. This protein (Acp) encodes a glucosaminidase domain (PF01832), distinct from all sequences considered here. While autolysins have not received as much attention, nothing in theory would prevent them from functioning as enzybiotics alongside phage enzymes.
In terms of future work on PlyCM, the immediate next steps must involve the fine tuning of certain biochemical properties. In particular, the issue of solubility must be addressed; this would allow for increased concentrations of lysin to be tested against actively proliferating cells. Possible strategies include the use of additives other than arginine or the re-engineering of its sequence to increase solubility, such as the design of a chimeric lysin that combines PlyCM's enzymatic domain with a different binding domain. This strategy has been employed successfully to optimize the behavior of other past lysins (Daniel et al. 2010 ). Fig. 7 Aside from the goal of enzybiotic development, one other relevant issue warrants further discussion here. Our genomic analysis revealed numerous enzymes that possessed the architectural properties of a lysin (catalytic and binding domains, no signal peptide), but that did not reside in a recognizable prophage region. Conceivably, they could represent small prophage remnants from their hosts' evolutionary history. Nevertheless, many demonstrated conserved genomic arrangements from strain-to-strain, suggesting a dedicated in vivo role. These lysin-like proteins are probably better classified as host autolysins, and their existence raises several noteworthy questions regarding their biological purpose and their means of accessing the peptidoglycan without a secretion signal.
Several (ZP_02863923, ZP_02639407, YP_696189, ZP_02633392, NP_562418, ZP_02642513, ZP_02952533, YP_698802) are encoded in the vicinity of a putative histidine kinase and metallo-beta-lactamase. They are classified as type 3 alanine-amidases, and are clustered together near the bottom of the phylogram in Fig. 1 . Also clustered together are several additional type 3 alanine-amidases (YP_699923, NP_040458, YP_209681, ZP_02954906, YP_699912); for these enzymes, the genomic positioning suggests an intriguing biological function. They are all encoded near UV-inducible C. perfringens bacteriocins known as BCN5 proteins.
3 Four of these lysins are located on plasmids, while one is chromosomal (ZP_02954906, strain JGS1721). Ongoing research will explore the in vivo role of these genes, as well as analyze whether similar elements exist in other clostridia and Grampositive bacteria.
In conclusion, the increasing ease of genomic sequencing is clearly transforming both basic and applied microbiological research. These genomes shed light on both biological mechanisms and useful molecules, and their inspection might well lead to new avenues for improving human health. 
IV
If known, the toxinotype and CPE-status (for toxinotype A) are listed for C. perfringens strains. Each bacteria was suspended in phosphate/citrate buffer (pH=6.4)+150 mM NaCl and exposed to three PlyCM-concentrations (11.5 nM, 115 nM, and 1.15 μM); 11.5 nM represents the lowest concentration that brought the host strain ATCC 13124 to baseline OD (see Figs. 4 and 7) . After 1 h, the samples were visualized at ×1,000 magnification and the OD was measured
Each bacteria was assigned a rank based on the following semi-quantitative criteria: I 11.5 nM PlyCM induced complete lysis, or >9/10 cells had converted from rod-forms to spheroplasts, II 115 nM PlyCM lead to either preceding observation, III 1.15 μM PlyCM induced lysis/spheroplast conversion (complete or partial); IV no lysis or spheroplast conversion was observed after 1 h, even at 1.15 μM
